One possible remedy for contaminant diffusion through membrane barriers is to incorporate reactive materials into the polymer so that the contaminants are degraded or immobilized within the membrane. These processes dramatically increase the lag time for contaminant breakthrough and extend barrier lifetimes (11). In this research, polyvinyl alcohol (PVA) membranes containing iron (Fe 0 ) particles were developed and tested as model barriers for a variety of environmental contaminants. PVA was selected as a model because it is easy to synthesize and has a high permeability which allows quick measurements of lag time; PVA is not realistic in practical containment applications. Iron was selected as the immobilized reactant because it reduces oxidized contaminants such as chlorinated solvents (e.g., 12-19), nitroaromatic compounds (20, 21), and heavy metal ions (e.g., 22-28). Carbon tetrachloride, copper (Cu 
and where C down and C up are the contaminant concentrations downstream and upstream of the membrane, respectively; D is the diffusion coefficient for the selected contaminant in the membrane; P is permeability of the membrane to the contaminant, equal to HD; H is the membrane-water partition coefficient for the contaminant into the membrane; L is the membrane thickness; V down is the volume of the downstream compartment; A is the crosssectional area of the membrane available for diffusion; and t and t lag are time and breakthrough lag time, respectively. Equations 1 and 2 are derived assuming that C up is constant and that the volume of the upstream compartment is very large. Similar equations for other assumptions are easily derived.
For a membrane containing a reactive material that consumes contaminants irreversibly, the corresponding equation again has the form of eq 1 but with a different expression for the lag time (11):
where C 0 is the initial concentration of the reactive material, and ν is the stoichiometric coefficient of the reaction. For this work, ν is assumed to be 1 for Cu Ideal breakthrough curves for membranes with and without a reactive material are illustrated in Figure 1 . In general, equations 1-3 are approximations, valid at small times before much contaminant penetration has occurred. These small times are important from an environmental viewpoint, as they allow predictions of initial contaminant fluxes through the barrier material. At longer times, the downstream concentration does not follow these relations, but becomes non-linear, as shown in Figure 1 . Equations 1-3 form the basis for analyzing our experiments as described below.
Experimental
The following chemicals were used without further purification: ferric chloride The membrane thickness was measured after overnight hydration using a micrometer (Mitutoyo). Local variation of the membrane thickness was typically ±10 %, and the average value of five measurements per membrane sample is reported. The thicknesses used ranged from 25 to 379 µm. These small thicknesses allow quick testing of the membranes. These membranes are much thinner than typical landfill liners, which are more than 1.5 mm thick (35) .
Solute breakthrough across each membrane was tested with a diaphragm-cell diffusion apparatus. When the pure PVA membranes were tested, the apparatus had two closed-ended Pyrex cells (each cell volume = 11-16 mL), placed as shown in Figure 3 (a).
The membrane mounted between the two cells had an area for diffusion 2.54 cm in 
Results

Pure PVA membranes
We first present diffusion of a solute through pure PVA membranes. Carbon tetrachloride, selected as a model contaminant, shows typical breakthrough curves for two membranes of different thickness in proportional to the reciprocal of the membrane thickness, supporting the analysis in eq 1.
Possible reasons for the scatter of the data are stretching of the membrane, local variation of membrane thickness, and undetected pinholes.
The x-intercepts in Figure 4 are the lag times, expected from eq 1 to be proportional to the square of the membrane thickness. Although the lag times show a systematic increase with increasing membrane thickness, they are too small (< 2 min) to be precisely determined for most non-reactive membranes used in this study. The permeability of the Fe 0 /PVA membranes to the selected contaminants ranged from 0.5 to 3 times that of the pure PVA. In general, the measured permeability of the reactive membranes was higher than that of the unmodified ones (Table 1) . Ideally, the permeability of the membrane should not be affected by the incorporation of Fe 0 (11).
Possible reasons for the observed deviation are discussed below.
To assess the significance of the reaction between Fe 0 and water as a competing reaction during the contaminant breakthrough experiments, dissolved iron concentrations were measured in two diaphragm-cell experiments, one with carbon tetrachloride and the other without carbon tetrachloride. To complete an iron mass balance, the dissolution of iron during the hydration process prior to the experiments was also measured. The duration of hydration was 23-27 hours and the diaphragm-cell experiments were 9.75 hours. The iron mass balance is based on the exposed area in the diffusion experiment.
The results showed that 40-47 % of the iron (based on the iron content in the dry membrane prior to hydration) dissolved during the hydration process, while the dissolution of the iron during the diffusion experiment was much smaller (only 5 % relative to the hydration-related loss). No difference in iron dissolution was observed between the two diaphragm cell experiments (with and without carbon tetrachloride).
Discussion
The results above show that the breakthrough lag time of polymer membranes used as contaminant barriers can potentially be dramatically increased by incorporation of reactive groups or materials within the polymer material. Although the choice of Fe 0 /PVA system was designed to permit experiments to be conducted over short time scales, we expect that improvements in the barrier properties of PVA can be easily secured for other polymers such as polyethylene. This expectation has considerable experimental support from this work, and many other reagent choices are possible.
The results with the Fe 0 /PVA membranes show substantial increases in the lag time before there is significant permeation through the barriers. For copper, the lag is increased 100 to 1000 fold; for carbon tetrachloride, it rises over 150 fold; for the nitroaromatics, 20 to 100 fold. The lag time increased only 13 fold for chromate, a solute for which little reaction is expected. Once the membrane is broached, the leak rate is regulated by a permeability which typically changes by less than a factor of two, but up to a factor of three (based on the slope of the breakthrough curve) from a non-reactive membrane.
The observed changes in permeability merit further discussion, as the permeability influences further analysis of the lag time data. When hydrated, PVA is 50% water (pore space), leading to its high permeability. For a membrane containing 1.25 M iron, calculations reveal that the void volume would increase approximately 1% upon complete dissolution of the iron nanoparticles. Thus, changes in permeability of the membrane due to Fe 0 dissolution should be minimal. The larger changes in permeability observed suggest that other changes in the membrane chemistry and geometry are occurring. The dissolution of the iron could lead to a shunt forming through the membrane by connecting pores that already exist in the PVA matrix. As shown in Figure   2 , the iron is not completely dispersed in the membrane and forms 1-2 µm clusters of smaller nanoparticles. Their dissolution can be envisioned to provide a shortcut across a 100-200 µm barrier, which leads to the higher permeability. Such pore connectivity is much less likely in polymers (i.e. HDPE or PVC) used for practical barriers. When developing these practical membranes, however, observed changes in permeability for the reactive membranes will be an important piece of information in determining optimum Fe 0 loadings to prevent shunt formation, and thus averting poor membrane performance after contaminant breakthrough.
Because permeability provides a reference value for lag time calculations (eq 3), subsequent analyses assume that the appropriate values of P to use in the interpretation of the lag time results are those measured for the pure PVA membranes. For each compound, multiple experiments with pure PVA films were run. The selected P for each contaminant is the lowest, reproducible value measured for the PVA membranes, which we deem to be from membranes with the fewest possible number of defects. These values are those reported in Table 1 .
Despite the variations in permeability, our results demonstrate that the performance (i.e. lag time) of a contaminant barrier can be dramatically improved by chemical reaction. A raw extrapolation of our results would predict that a polymer barrier membrane which prevents leakage for six months could ideally be made effective for half a century or more with the inclusion of reactive material. This improved effectiveness, however, is not guaranteed. First, it is necessary to identify a particular chemistry which can consume the contaminant sufficiently rapidly. Second, the ratio of the reaction rate to the diffusion rate must be large, i.e. the second Damköhler number must be much greater than one. Third, any reactive material must be accessible and must be completely consumed for the lag time to increase by the largest possible extent.
These assumptions are tested using eq 3 to predict the diffusion lag time for the Fe 0 /PVA membranes. The required parameters (L, C 0 , C up , ν, P) are all known from the experiments, where P is obtained from a diffusion experiment using a pure PVA membrane for the reasons described above. Table 1 One potential strategy to make a larger fraction of the iron accessible would be to use smaller iron particles. This method, however, has two disadvantages. The larger specific surface area could lead to faster reaction not only with contaminants but also with water. The difficulty and potential cost (43) associated with synthesis of smaller iron particles may be prohibitive as well.
Engineering Implications
Finally, the practical value of the results are discussed. The use of the Fe 0 /PVA membranes even as a model barrier has two disadvantages. The iron reacts with water, and it is susceptible to oxidation in air. These problems are due to the large free volume in the PVA matrix. The hydrated PVA membrane is 50 % water by volume, which makes PVA highly permeable to dissolved species. In engineering applications using less permeable materials such as HDPE, which would contain less than 0.03 wt% water (44) , such problems will be much less important. As a result, the Fe 0 will be mainly used for reaction with contaminants, and the barrier membrane life will be much longer.
Thin Fe 0 /PVA membranes are easy to synthesize and allow quick measurement of contaminant breakthrough. The method developed in this study, however, is universal.
Results of this study can be extrapolated to Fe 
